Radial profiles of infrared brightness temperature for 2405 different satellite observations from 14 western North Pacific tropical cyclones (TCs) from the 2012 season were analyzed and compared to intensity and changes in intensity. Four critical points along the inner core of each infrared (IR) brightness temperature (BT) profile were identified: coldest cloud top (CCT), first overshooting top (FOT), and lower (L45) and upper (U45) extent of the inner eyewall. Radial movement of the mean CCT point outward with increasing TC intensity, combined with subsequent warming of the mean L45 point with intensity, highlighted structure changes that are consistent with eye and eyewall development. When stratified by latitude and vertical wind shear, the CCT point moved radially outward for all cases, notably at higher intensities for lower-latitude TCs and at lower intensities for higher-latitude TCs. The majority of the warming of the L45 point with increasing intensity occurred for low-latitude and low-shear cases. Slopes of IR BT between the four critical points were statistically significantly negatively correlated with intensity, indicating that stronger (weaker) TCs had more (less) negative slopes of IR BT and more (less) vertical eyewall profiles. Furthermore, except in high-shear cases, the most negative correlations were found in the inner eyewall, consistent with results from recent studies based on radar reconnaissance data. Finally, 12-h changes in slope were found to lead 12-h changes in intensity most often at higher latitudes, providing evidence that changes in the secondary TC circulation may lead changes in the primary TC circulation for both strengthening and weakening TCs.
Introduction
Observations of the inner portion of tropical cyclones (TCs) have long been considered important, particularly to determine TC intensity. So much so that despite the associated risk, routine aircraft reconnaissance programs were begun in the 1940s (Markus et al. 1987) to determine the TC center location and to measure central pressure, maximum wind speed, and direction of motion, as those were among the critical data needed for TC warning systems. With the launch of polar-orbiting weather satellites in the 1960s, and then geostationary weather satellites later in the 1960s and 1970s, remotely sensed observations of TC cloud features became routinely available (Sheets 1990 ).
Techniques quickly followed to capitalize on these new satellite observations and to associate them with wind and pressure measurements of TC strength (e.g. , Fett 1964; Sadler 1964; Fritz et al. 1966; Erickson 1967) . One of the most important and commonly used techniques, and one that is still widely used today, was developed by Dvorak (1972; 1975) , who recognized that kinematic organizational patterns of TC clouds could be used to reliably and systematically estimate the current TC intensity (Velden et al. 2006) . One of the most important updates to this methodology was to include infrared (IR) brightness temperatures (Dvorak 1984 (Dvorak , 1995 , which added an important thermodynamic component to the original kinematic one. This technique for estimating TC intensity based on remote sensing measurements, known now as the Dvorak technique, proved transformational for the operational TC community, as it allowed all TCs remotely sensed by satellites to be assigned a current intensity, including those in basins without aircraft reconnaissance and those located far from land. It remains a reasonably accurate tool today, with as many as 50% of the Dvorak-based maximum wind speed estimates coming within 5 kt (1 kt 5 0.51 m s
21
) of the best-track values based on reconnaissance aircraft measurements (Brown and Franklin 2004) . Despite this success, however, geostationary satellite measurements of the TC inner core are not fully used by current intensity estimation techniques, a gap that this study will address.
One of the reasons for the success of the Dvorak technique is that the IR brightness temperatures (BTs) used to assign current intensity are themselves indicators of important structural properties of the inner portion of the TC. As an example, cloud-top temperature roughly represents cloud-top height, as colder clouds are located higher in the atmosphere [this temperature-height relationship varies as a function of latitude and time of year, since tropopause heights are lower toward the poles and during the winter season; Thuburn and Craig (1997) ; Kossin and Velden (2004) ; Raman and Chen (2014) ]. The temperature (height) of the clouds in the central region of a TC indicates the intensity of the updraft, which is one component of the secondary circulation (Eliassen 1951; Willoughby 1979; Shapiro and Willoughby 1982) . Colder (taller) clouds are associated with more vigorous updrafts, which would be related to a more intense secondary circulation pattern. Shapiro and Willoughby (1982) related the intensity of the secondary circulation to maximum tangential surface winds. The Dvorak technique also examines the difference in temperature between the warmest BT in the eye and the coldest BT in the eyewall cloud (Velden et al. 1998) ; however, it does not consider the radial distance between points, which this study will explore. Greater temperature differences between the eye and eyewall mean that updrafts in the TC core are stronger, and current Dvorak-type techniques relate greater brightness temperature differences to more intense surface winds.
Besides cloud top and differences in BTs measured by satellites, other parameters specific to the TC core environment also have been studied. Notably, several recent studies (e.g., Corbosiero et al. 2005; Schubert and McNoldy 2010; Hazelton and Hart 2013) have addressed the slope of the eyewall cloud as estimated by aircraft-based radar reflectivities. Similar to satellite brightness temperature measurements, the slope of these reflectivity surfaces is another important indicator of TC structure that can be empirically related to TC intensity. For an idealized, axisymmetric vortex in gradient wind balance, the secondary circulation resulting from a heat source (such as eyewall convection) must slope outward with height to satisfy the thermal wind balance for a warm-core vortex (Shapiro and Willoughby 1982) . The more vertical this slope, the more intense the TC, which is a property that has been noted in both observations (Black et al. 1994; Corbosiero et al. 2005 ) and model output (Ritchie and Frank 2007; Zhao et al. 2012) . Other studies of eyewall slope (Shea and Gray 1973; Stern and Nolan 2009; Rogers et al. 2012 ) have focused on changes in positions of the radius of maximum wind (RMW) with height. While results from these studies were generally inconclusive, studies of eyewall slope that focused on the slope of radar reflectivity surfaces consistently found that more intense TCs were characterized by more vertical outward-sloping reflectivity surfaces in the inner core (Jorgensen 1984; Marks 1985; Corbosiero et al. 2005; Schubert and McNoldy 2010; Hazelton and Hart 2013) . The present study builds on these findings by calculating slope based on IR BTs in the inner core, as measured by a geostationary satellite. Because these observations are much more frequent than those for radar reflectivity, particularly in basins such as the western North Pacific that do not have routine aircraft reconnaissance, the findings of this study could serve to enhance operational intensity estimation techniques.
Despite the advances in observational radar and satellite techniques, physical structures of the TC inner core, such as cloud height and slope, remain relatively understudied. Furthermore, current Dvorak-based techniques that estimate TC intensity using differences in inner-core BTs primarily focus on the brightness temperature at two points: the warmest (normally in the eye) and the coldest (normally in the eyewall) (Olander and Velden 2007) . Radar observations have shown significant variability in slope within the inner core, particularly in the slope of radar reflectivity surfaces, suggesting that it may be possible to use differences in cloud-top temperatures at more than just two points in the TC inner core to estimate current intensity (Piñeros et al. 2011; Ritchie et al. 2012) . This study aims to partially fill both of those gaps by using IR BTs from geostationary satellite observations to calculate the cloud-top slope at multiple points in the inner core of western North Pacific TCs and to relate those slope measurements to TC intensity. Section 2 contains a detailed description of the methodology used to calculate and analyze critical points along the IR BT profiles. Results are presented in section 3. Conclusions and implications of the results are discussed in section 4.
Data and methodology

a. Data
A total of 2405 unique geostationary satellite observations ( Fig. 1 ) made during the lifetimes of 14 western North Pacific TCs that reached at least typhoon (64 kt) intensity in during 2012 season were examined for this study (Table 1) . Ten of the typhoons exceeded 100-kt intensity, and available observations for all but two extended beyond 1 day. Infrared (IR; channel 1, 10.8 mm) and water vapor (WV; channel 3, 6.8 mm) satellite data used in this study came from the Multifunctional Transport Satellite-2 (MTSAT-2), a geostationary satellite operated by the Japan Meteorological Agency (JMA). Each of the 2405 satellite observations were available approximately every 30 min on a 4-km grid and were provided by the Marine Meteorology Division at the Naval Research Laboratory (NRL), Monterey, California. Tropical cyclone intensities, defined by maximum surface winds, were taken from the Joint Typhoon Warning Center (JTWC) best-track product (Chu et Given the lack of routine aircraft reconnaissance during the 2012 western North Pacific season, it is likely that the majority of these best-track intensities were at least partially based on Dvorak intensity estimates.
b. Methods
1) RADIAL PROFILE CONSTRUCTION
Radial profiles of IR BTs formed the basis for this study and required the identification of the TC center location for each satellite observation. Nonlinear TC motion between the available JTWC analysis times (0000, 0600, 1200, and 1800 UTC) precluded the use of TC center locations determined by interpolation of the JTWC best track. Instead, latitude and longitude coordinates of the TC centers were visually (manually) identified in every satellite observation to a single BT pixel, yielding a precision that approximately matched the MTSAT-2 horizontal (4 km) resolution. Although manual center identification was used for this study, other centeridentification techniques, including automated methods (e.g., Wimmers and Velden 2010) , potentially could be employed to create the radial profiles used in this study.
The IR BT radial profiles were constructed by storm centering the digital data, converting the Cartesian latitude and longitude gridded data into a polar coordinate system (with radius r and azimuth u), and azimuthally averaging satellite IR and WV BTs at 1.08 u intervals every 2 km from the TC center, similar to the methodology of Bankert and Tag (2002) . Because of the choices of the r and u intervals, the outer part of the TC (beyond about 200 km from the center) was undersampled relative to the inner part. However, the majority of the critical points (defined below) were located inside 100 km from the TC center, and this region was well sampled by the chosen r and u spacing. Furthermore, results of this study were found to not be sensitive to variations in the choice of spacing of either r (examined every kilometer, from 2 to 4 km) or u (examined every degree, from 18 to 48).
To begin investigating the relationship between innercore cloud-top structure and TC intensity, several mean radial profiles were constructed. First, the 2405 individual IR BT profiles (Fig. 2a, gray lines) were averaged, resulting in a mean IR BT radial profile (Fig. 2a , black line) representing TCs of all intensities. The individual profiles were then stratified by intensity, based on the JTWC best-track intensity closest in time to the satellite observation (Fig. 1b) . Mean radial profiles were constructed black lines) by averaging the member profiles (Figs. 2b-d , gray lines) in each of these three intensity subcategories. One standard deviation above and below each mean was plotted to illustrate the variability in the profiles (Fig. 2, dashed black lines) .
2) CRITICAL POINT IDENTIFICATION
Four critical points were identified within 200 km from the TC center in each radial profile of IR BT and were selected based on physical significance [the innermost 200 km was selected as the focus area after Maclay et al. (2008) , who defined the TC core as the region within 200 km of the TC center]. Critical point 1 was the radial location of the coldest cloud top (CCT). The CCT was identified as the minimum IR BT in the inner 200 km of the TC. Critical point 2, the radial location of the first overshooting top (denoted FOT hereafter), was identified using WV-IR BT differences following Fritz and Laszlo (1993) and Olander and Velden (2009) . The FOT was determined by locating the radial point closest to the TC center (i.e., the minimum radial distance) where a positive WV-IR BT difference (i.e., convection that penetrated the tropopause) was present at any azimuth. To facilitate analysis with the other three critical points (which were all based on IR BT), and since the magnitude of overshooting tops was not a primary focus here, the FOT was assigned the BT at the FOT radial location within each IR profile (as opposed to assigning it the WV or WV-IR BT at that radial point).
The third and fourth critical points were selected to define a lower and upper extent of the inner eyewall, respectively. The lower extent (L45) was identified as the first 458 upturn inflection point, which is where the orientation of the IR profile changed from horizontal to vertical. The upper extent (U45) was identified as the first 458 downturn inflection point radially outward from L45, which is where the orientation of the IR profile changed from vertical to horizontal. The choice of 458 as inflection points follows from the many observational studies that note the slope of the eyewall often exceeds 458 (Hawkins and Imbembo 1976; Marks 1985; Black et al. 1994; Corbosiero et al. 2005; Hazelton and Hart 2013) . These two critical points were located in two steps. First, the components of each IR radial profile were nondimensionalized to create a nondimensional profile. The nondimensional IR BTs (NBT i ) were calculated as
where BT max is the warmest brightness temperature in the innermost 100 km, BT i is the brightness temperature at radial point i, and BT CCT is the brightness temperature at critical point CCT. The nondimensional radial distances (Nr i ) were calculated as follows:
FIG. 2. Infrared BT profiles (gray lines) for (a) all TCs, and only TCs with (b) TS, (c) TY, and (d) MT intensities.
Critical points for CCT, FOT, and L45 and U45 are represented by dark blue, light blue, magenta, and light purple squares, respectively. Mean (black lines) and standard deviation (dashed black lines) for each intensity category are also plotted. Number of profiles in each category is indicated in the header in each panel.
where r max is the radial distance from the TC center to the warmest brightness temperature in the innermost 15 km, r i is the radial distance from the TC center to the radial point i, and r CCT is the radial distance from the TC center to the critical point CCT. The 15-km threshold was based on eye size as defined in Shapiro and Willoughby (1982) . By nondimensionalizing, the brightness temperature at each CCT was assigned the value of one, and the radial distance at each CCT was also assigned the value of one. Second, profile angles (a i ) were calculated at every radius r as
where NBT i11 (NBT i21 ) is the nondimensional brightness temperature one radial increment ahead of (behind) the radial point i at the nondimensional radial distance Nr i . Critical point L45 was designated as the radial location closest to the TC center where a i first exceeded 458, and critical point U45 was designated as the first point after L45 where a i was less than 458. This procedure for identifying the L45 and U45 critical points required that CCTs not be located exactly at the TC center. Of the 2405 profiles examined, CCT was located at the TC center [possibly indicative of central dense overcast (CDO) conditions] in 394 cases, thereby reducing the profiles available for L45 and U45 identification by 16.5%. Critical point 2 (FOT; overshooting top closest to TC center) was located in the inner core (defined as the region from 0 to 200 km radially outward from the TC center) in 2363 (99.5%) of the profiles. Critical points 3 (L45) and 4 (U45) were identified less often [in 1708 and 1707 (71.0%) of the profiles, respectively]: they did not exist in the 394 profiles when the CCT was located at the storm center, and they also did not exist in weaker TCs where the radial profile was not sufficiently sloped to register a 458 angle (i.e., did not exhibit an eye or eyewall structure). Stratifying by intensity confirmed that the L45 and U45 critical points were identified more often in strong TCs, occurring in 96.7% of the profiles observed during TC intensities greater than or equal to 100 kt, compared to 64.1% of the profiles collected when TC intensities were between 64 and 99 kt and 44.4% of profiles observed when intensities were less than 64 kt. For most profiles, the critical points were located in the following order (radially outward from the TC center): L45, FOT, U45, and CCT.
Critical points were calculated for both mean and individual IR BT profiles. To evaluate changes in mean cloud-top structure with intensity, critical points CCT, L45, and U45 were determined by applying the steps listed above to the four mean IR BT radial profiles (Fig. 2) . Radial distances of critical point FOT for the four mean profiles were calculated by averaging the FOT radial distances in all the member profiles in each category. The IR BT at that radius in the mean profile was then assigned as the FOT BT in the respective intensity subcategory.
To facilitate further investigation of the structural features represented by the four critical points, the IR BT profiles were subdivided into six 20-kt intensity bins (Fig. 1b) . Mean critical points were calculated for each bin by averaging the radial distance and IR BT of each critical point from the hundreds of profiles within that bin. As previously discussed, critical points could not be identified in all profiles. Thus, mean critical point values were calculated for two subsets of profiles. The first subset was constrained to profiles in which all four critical points were present, thereby focusing the analysis on the 1688 (70.2%) of profiles with all four critical points present. The second subset included every available critical point, which totaled 2405 CCTs, 1708 L45s, 1707 U45s, and 2363 FOTs. Mean critical points were calculated by averaging the radial distance and IR BT of the member profiles in each of the six intensity bins and were used to examine how structural features evolved with intensity. Results are explored in section 3.
3) INNER-CORE CLOUD-TOP SLOPES
The structure of inner-core convection was quantitatively examined through six slopes of IR brightness temperature between the four critical points defined above (Fig. 3 ). Slopes were calculated by dividing the change in IR BT between two critical points by the radial distance between those two critical points. For example, the L45-FOT lower eyewall slope, S L45-FOT , represented the departure from horizontal of the IR BT profile of the lower eyewall and was calculated as follows:
where BT L45 represents the IR brightness temperature at the lower 458 critical point L45, BT FOT represents the IR brightness temperature at the first overshooting top critical point FOT, and r L45 and r FOT represent the radial distances of the L45 and FOT critical points, respectively, from the TC center. A negative slope indicated that IR BT decreased radially outward between the two critical points. A more negative slope indicated a more vertical profile of IR BT. Together, the lower (L45-FOT) and middle (FOT-U45) eyewall sections composed the inner eyewall (L45-U45). It was noted that on rare occasions (typically in weakest profiles), the FOT was not located between L45 and U45, and therefore the physical relationships associated with this naming convention were not applicable to every profile. The U45-CCT segment physically represented the upper eyewall, and the L45-CCT section composed the total eyewall for the purpose of this study. The final segment, FOT-CCT, outlined the mid-to upper portion of the TC inner core and spanned both the middle eyewall (FOT-U45) and the upper eyewall (U45-CCT) segments. Although both WV and IR BTs were used to determine the location of the FOT, slopes that used the FOT critical point were calculated using IR BTs at the FOT point. Thus, the methodology for each slope calculation followed Eq. (4), and all slopes reflected radial changes in IR BT between the six critical points. This methodology for calculating slope (i.e., using the azimuthal inner-core cloud-top brightness temperatures) parallels similar definitions for other eyewall surfaces in previous studies (e.g., Hazelton and Hart 2013) . Because critical points were not able to be identified for all profiles (most frequently when the coldest clouds were located at the storm center, or when weak TCs had flat IR BT profiles that did not incline more than 458 when nondimensionalized), and because critical points were sometimes collocated with each other or were located beyond 200 km from the TC center, some slopes were undefined. Availability of each slope for each intensity category is listed in Table 2 . Weaker storms generally had fewer slopes defined, while stronger storms generally had more slopes defined. Stronger TCs more often had defined slopes because (a) their critical points existed and (b) their critical points were not collocated or were not located within the TC inner core. For all slopes, Pearson product-moment linear correlation coefficients were calculated to quantify relationships between slope and intensity.
To examine changes in slope with corresponding changes in TC intensity, IR BT profiles were time averaged to synoptic times 0000, 0600, 1200, and 1800 UTC to match the temporal resolution of the surface wind data available from JTWC. To maximize the representativeness of the JTWC best-track data, all slopes within 1.5 h of a synoptic time were included in the averages, and changes in those averaged values were compared with changes in TC intensity. This 3-h window, which is narrower than the 6-h window, allowed for the 
straightforward comparison between current slope and current intensity and was used to try to better capture changes in slope with changes in intensity. The narrower time window resulted in fewer slope observations being available to compare to changes in intensity. As with comparisons between slope and intensity, Pearson product-moment linear correlation coefficients were calculated to quantify the relationship between 6-, 12-, and 24-h changes in slope and in intensity. Finally, 6-and 12-h changes in slope were compared to the following and preceding 6-and 12-h changes in intensity to investigate potential lead-lag relationships between structure and intensity. Only the 12-and 24-h results are reported here, as they showed the strongest relationship between slope and intensity.
4) STRATIFICATION BY LATITUDE AND VERTICAL WIND SHEAR
To further examine the evolution of the eyewall structure with intensity, the mean critical point and slope analyses were repeated for subgroups of higher and lower latitudes and of high and low vertical wind shear (Fig. 4) 
Results
a. Mean IR BT profiles
In the mean radial profile of all 2405 IR BT observations (Fig. 2a) , the IR BTs decreased from the storm center outward to the radius of the CCT critical point, then increased slowly from the CCT radius outward to the 200-km extent of the TC inner core (note that the y axis is inverted in Figs. 2, 3, 5, 8, and 9b) . The point marking the lower extent of the inner eyewall (L45, magenta square in Fig. 2a) was the most radially inward and the warmest of the four critical points, located 4.45 km from the TC center in the mean radial profile with an IR BT of 225.5 K (Table 3 ). This warm brightness temperature makes intuitive sense, since cloud tops at the lower extent of the inner eyewall are located lower in the atmosphere than both the cloud tops at the upper extent of the inner eyewall and the coldest cloud tops in the TC inner core. The first overshooting top (FOT; light blue square in Fig. 2a ) was located 15.2 km from the TC center in the mean radial profile, with an IR BT of 217.8 K ( Table 3) . The presence of an overshooting top along the inner eyewall between L45 and U45 in the mean of the 2405 radial profiles indicates the prevalence of deep convection within the inner eyewall region. The upper extent of the inner eyewall (U45, light purple square in Fig. 2a ) was located 28.9 km from the TC center in the mean profile with an IR BT of 209.8 K. In addition to being the coldest point (by definition), the CCT was also the most radially outward of the four critical points in the mean profile, with a radial extent of 51.2 km from the TC center and an IR BT of 206.6 K. The full set of IR BT profiles was then divided into subgroups to investigate the evolution of the mean profiles with increasing intensity. Mean BT profiles were constructed from 588 TS (34-63 kt), 951 TY (64-99 kt), and 866 MT ($100 kt) profiles (Fig. 1b and gray lines in Figs. 2b-d) , and critical points for each of these three mean profiles were determined. Analysis of the mean profiles of the three intensity subcategories (solid black lines, Figs. 2b-d) revealed changes in TC structure with intensity. Inner-core cloud-top IR BTs were nearly uniform in TCs of TS intensity (Fig. 2b) . However, as wind speed increased above the TY threshold (Fig. 2c) , greater variation in BTs was noted, particularly near the TC center where higher (warmer) brightness temperatures were present. The mean MT profile (Fig. 2d) exhibited even greater variation, with a more vertical profile sloping outward from the TC center, similar to the eyewall profiles in radar reflectivity data reported in previous studies (Corbosiero et al. 2005; Hazelton and Hart 2013) . The increasingly vertical slope of the mean profiles with increasing TC intensity is consistent with physical understanding of the development of an eye in more intense TCs (Vigh et al. 2012) . It is important to note that the L45 critical point for every mean profile was located at 4.45 km for a nonphysical reason: in each of the mean profiles, the slope of the normalized IR BT profile exceeded 458 at the first point radially outward from the TC center. In individual profiles, the L45 critical point exhibited more variability, which will be discussed in section 3b.
Analysis of the critical points along the mean IR BT radial profiles from the three intensity subgroups (Figs. 2b-d and Table 3 ) provided additional insight into the evolution of cloud-top structure with intensity. The lower eyewall critical point (L45) remained very close to the TC center at all intensities, revealing that the first upturn (based on the nondimensionalized mean profile) took place within 5 km of the TC center at increasing (warmer) IR BTs, indicative of eye development with increasing intensity. The FOT was located between the lower (L45) and upper (U45) eyewall critical points for the TY and MT mean profiles, indicating that the first tropopause-penetrating convection was within the TC inner eyewall at and above typhoon intensities. For the flatter TS mean profile, this was not the case. The FOT was located radially outward from the L45-U45 inner eyewall segment in the nondimensionalized IR BT radial profile. Interestingly, the FOT exhibited little radial movement between the three intensity subcategories, progressing outward only 5.3 km, yet the associated IR BTs increased substantially, warming 18.2 K. Increasing IR BTs at the near-constant FOT radial location makes physical sense, as the height of the tropopause is lower above the eye than over the surrounding eyewall and inner-core region in mature TCs (Vergados et al. 2014 ). This enables convection near the TC center to penetrate the tropopause at successively lower heights in the atmosphere (corresponding to successively higher IR BTs) as the eye develops with increasing TC intensity. The U45 critical point exhibited the inverse of the FOT pattern, exhibiting greater radial movement (20.1 km outward) and little change in BT (2.3 K increase) between the mean TS and mean MT profiles. This outward shift of the U45 critical point paralleled the outward radial movement of the CCT critical point. Though the minimum IR BT (CCT) did decrease slightly (cooling 5.8 K) between the mean TS and mean MT profiles, the greatest change for the CCT point was the 44.5-km outward shift in radial location. Within the TS, TY, and MT intensity categories, the greatest variation in critical points was exhibited by this 401 km radial outward shift of CCT and the 401 K increase (warming) of L45, which follows a conceptual understanding of a strengthening eyewall (Merrill 1984) and the development of an eye TABLE 3. Radial distance (r) from the TC center (in km) and IR BT (K) of each critical point for the mean IR BT radial profiles in Fig. 2 , stratified by intensity. Pairings given as (r, BT). Net change represents the change in r and BT from TS to MT intensity. The greatest net change in each variable is highlighted in boldface. 
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with increasing TC intensity (Vigh et al. 2012) . Notably here, the outward radial motion in CCT was greatest (33.4 of 44.5 km or 75%) between TS and TY intensities, and the increase in L45 IR BT was greatest (34.1 of 41.5 K or 82%) between TY and MT intensities.
b. Changes in critical points with intensity
To investigate whether the critical point trends found in the mean profiles held for the individual profiles, the 2405 satellite observations were regrouped into 20-kt intensity bins, resulting in six intensity subgroups instead of three (Fig. 1b) . Then, in contrast to determining critical points for a single mean profile for each of the three intensity subgroups, critical points for the six subgroups were calculated by averaging the critical point values from the individual profiles within each subgroup (Table 4 and Fig. 5 ). This was first done for profiles in which all four critical points were present (Fig. 5a) , and was then completed for profiles with any critical point present (Fig. 5b) . Examination of the mean critical points within each of the smaller intensity bins provided the opportunity to examine the evolution of the TC structural characteristics associated with each critical point in greater detail.
The distribution of the mean critical points that were calculated from the all-critical-point profiles (Fig. 5a ) confirmed many of the trends detected in the mean profiles, most notably that the critical points fell into distinct regions along the IR cloud top. Like the pattern in the mean profiles, the L45 point (lower extent of the inner eyewall) was closest to the TC center (at radii less than 10 km) with IR BTs that increased by more than 40 K (primarily while at and above typhoon intensity). The FOT points were tightly grouped near 20 km and 210 K, again indicating the prevalence of tropopausepenetrating convection within the TC inner eyewall. Continuing outward, the mean U45 points that marked the upper extent of the inner eyewall were again at slightly lower (cooler) IR BTs than the mean FOT locations. Unlike the pattern in the mean profiles, however, the near 20-km shift in the radial location of the mean U45 based on the individual profiles was oriented inward rather than outward, a characteristic that can be attributed to the absence of cases in which CCT was located at the TC center. Also unlike the trend noted in the mean profiles, the mean CCT calculated from the individual profiles spanned a much smaller range of radial distances from the TC center, likely due to the exclusion of 354 cases from the mean radial distance calculation where r CCT 5 0 km.
To investigate the utility of a real-time application in which all available critical points are included in the analysis, a second progression of critical points was examined (Fig. 5b) . This meant that an additional 717 CCT, 675 FOT, 20 L45, and 19 U45 critical points, respectively, were included in the calculations of mean critical points across the six 20-kt intensity bins. The general cloud-top structure outlined by these mean critical points (Fig. 5b) was very similar to that observed in the profile-limited cases (Fig. 5a) . The 401 K increase in (warming of) the mean L45 critical point near 10 km from the TC center remained a dominant feature. Furthermore, the mean FOT critical point remained within the inner eyewall, between 10 and 20 km from the TC center, and exhibited a slightly wider range of BTs, extending to colder BTs at weaker intensities (a result of the inclusion of nearly 200 additional cases in each of the lowest two intensity categories). Like the mean L45 positions, the locations of the mean U45 points varied little by easing the four-criticalpoint constraint. Significant adjustment, however, was noted in the radial locations of the mean CCTs, which were shifted radially inward toward the TC center at lower intensities, a shift that can be explained by the inclusion of CCT points at the center of the TC. This near 40-km-outward movement of the CCT critical point aligned with that observed in the mean IR BT profiles and indicates that monitoring the mean of all critical points in real time potentially may add a new dimension to the current IR BT intensity estimation techniques. 
c. Critical point variability
When including all available critical points (Fig. 5b) , the greatest change with intensity (i.e., between the six 20-kt intensity bins) was found in the increasing IR BT of the mean lower extent of the inner eyewall (L45) and the increasingly outward radial location of the mean CCT. This variability is further illustrated within each of the six 20-kt intensity bins (Figs. 6 and 7) . While the CCT IR BTs remained clustered near 200 K (blue bars in Fig. 6 ) within each category, there was a relatively wide range of L45 IR BTs, and the general distribution (and therefore the mean) shifted toward higher IR BTs with increasing intensity. This broad range of L45 IR BTs within each bin will be examined further in the discussion of stratification by latitude. The CCT demonstrated greater variability than L45 in radial distance from the TC center (Fig. 7) and was most notable radially inward from the mean in the lowest three 20-kt intensity bins (boxed blue letters a-c with associated whiskers in Fig. 7 ). These three intensity bins had the highest percentages of center-CCT and non-eyewall cases (Figs. 5a,b) , which contributed toward the outward progression of the mean CCT critical point with increasing intensity.
Stratifying the critical point cases by latitude (Figs. 8a,b ) and vertical wind shear (Figs. 8c,d ) provided further insight into the structural changes in the inner core as the TC intensity changed. With regard to IR BT, stratification by latitude yielded apparently contrasting results. At lower latitudes, the L45 point spanned a 60-K range in IR BT, while the CCT IR BT remained nearly constant around 195 K. Conversely, at higher latitudes, the L45 range of IR BTs was much smaller (,20 K), while the CCT IR BTs varied by more than 20 K. Since most TCs included in this analysis formed (decayed) south (north) of 208N, these results could imply that warming of the lower extent of the inner eyewall (i.e., eye development) is prevalent during intensification, and that during decay cloud tops warm as convection weakens in the TC inner core. It was also noted that relatively higher (lower) IR BTs were present in the lower-(higher-) latitude cases, which is likely related to differences in tropopause height with latitude.
The radial location of the mean CCT exhibited a clear relationship to latitude. The outward progression of the mean CCT with increasing intensity at both higher and lower latitudes (Figs. 8a,b) was similar to that observed in the progression of the mean CCTs calculated from every available critical point (Fig. 5b) . In the full dataset, however, the greatest outward radial movement spanned 23.4 km (Table 4) and was relatively evenly distributed between intensity bins b and d. In the latitude subsets, the outward progression occurred at different intensities. At higher latitudes, the greatest outward radial movement occurred between intensity bins a and b, while at lower latitudes, the greatest outward motion occurred between intensity bins c and d. These differences in radial location of the mean CCT are hypothesized to depend on the prevalence of CDO-like conditions at different intensities (i.e., where the CCT location at the TC center would reduce the mean CCT radial location among the profiles for the affected intensity bin). Coupled with the difference in IR BTs with latitude noted above, this difference in the outward progression of the mean coldest cloud tops may indicate that tropopause height impacts eye development; that is, cold cloud tops clear the eye and deep convection moves radially outward at lower intensities and warmer BTs at higher latitudes where the tropopause is lower in the atmosphere.
Dividing the 2405 cases by vertical wind shear (Figs. 8c,d ) revealed that low-shear conditions (vertical wind shear less than or equal to 10 m s 21 ) were the most prevalent, composing 84.3% of CCT cases and 87.1% of L45 cases (Figs. 4c,d ). In these conditions, the patterns in both CCT and L45 were very close to those exhibited in the full dataset (outward movement of the mean CCT and increasing IR BT of the mean L45 with intensity). While the high-shear cases composed only a small percentage of the overall dataset, the trend of radially outward movement of the mean CCT point remained prevalent. In contrast to previous results, however, the general tendency of the L45 BT was to decrease (rather than to increase) with intensity. The mean L45 points were also generally much warmer in the high-shear cases than in the low-shear cases, which would indicate that the lower extent of the inner eyewall was located higher in the atmosphere in high-shear cases. This cooling with intensity and higher eyewall-base height are difficult to interpret due to the multiple ways in which a vortex may respond to shear (Davis et al. 2008 ) and due to the challenges of identifying the TC center in high-shear cases.
d. Cloud-top slope
Upon inspection, it was clear that the shapes of the mean radial IR BT profiles changed with intensity (Figs. 2b-d) . More precisely, the inner-core IR BT profile in the eyewall became more vertical with increasing intensity, which gave it a more negative slope. Recentering these mean profiles at the radial locations and brightness temperatures of L45 (Fig. 9a) and CCT (Fig. 9b) highlights the qualitative differences between the four profiles. When centered at the L45 radius, the mean TS profile (in yellow) showed very little vertical variation, moving radially outward (Fig. 9a ) from the L45 location. A slight increase in BT was noted in the TY profile (in orange) to the right of L45. A steeper slope was noted in the mean of all the profiles (in black), and the steepest of slopes corresponded to the mean MT profile (in red). A similar effect was noted when the profiles were recentered at the radial location and BT of the CCT. However, the sloped profiles extended inward from that point (Fig. 9b) instead of outward. These mean profiles highlight that the slope of the IR BT profile changed with intensity; specifically, the BT profiles became more vertical in the inner eyewall region with increasing intensities.
To quantitatively assess relationships between the slopes and intensities of the 2405 radial profiles, six slopes of IR BT were calculated for each profile, each based on a segment between two critical points: L45 and U45, L45 and FOT, L45 and CCT, FOT and U45, U45 and CCT, and FOT and CCT (Figs. 3, 10 , and 11, and Table 5 ). Statistically significant (at the 95% confidence level) negative correlations were found between the current slope of the inner-core cloud-top IR BTs and the current TC intensity (Table 5 , row 1a; all correlations statistically significant at the 95% confidence level are noted in boldface in Table 5 ). A negative correlation between slope and intensity indicated that stronger TCs had more negative slopes, and a negative slope indicated that IR BT decreased outward from the TC center. The strongest relationship (20.663 correlation) appeared in the inner eyewall between the L45 and U45 slope and intensity (Table 5 , row 1a and Fig. 10a) , which is consistent with the progression of radius and IR BT of L45 and U45 critical points with intensity (Table 4) . Similar statistically significant negative correlations were found for the L45-FOT and FOT-U45 segments of the inner eyewall. As the slope of the lines connecting these critical points decreased (i.e., the inner eyewall BT profile became more vertical), the intensity of the TC increased. This relationship between current slope and current intensity extended to all six critical point segments, where correlations ranged between 20.426 and 20.663, with a mean correlation of 20.581. Similar correlations between L45 and U45 slope and intensity were also found for each individual storm, albeit with somewhat more variability, with correlation coefficients ranging from 20.373 to 20.798 for the 11 TCs with more than 30 satellite observations where slopes were calculable.
In addition to correlating the current slope with the current intensity, changes in slope were correlated to changes in intensity. Significant negative correlations were found between changes in slope over a 24-h period and changes in intensity over the same 24-h period, suggesting that within a 24-h period, decreases in eyewall slope (profile becoming more vertical) were related to increases in intensity [and that increases in eyewall slope (profile becoming more flat) were related to decreases in intensity]. The strongest relationship (20.635 correlation; Table 5 , row 2a; Fig. 11a ) again appeared in the slope of the segment between the lower and upper extents of the inner eyewall (L45-U45) and intensity, indicating that within a 24-h period, the slope between those two points decreased (increased) as the TC intensified (weakened). This relationship was found to hold regardless of TC intensity, as seen by the similar pattern of scatter in the TS (yellow), TY (orange), and MT (red) points in Fig. 11a .
A final set of correlations was used to examine possible lead-lag relationships between slope and intensity. Slope changes over a 12-h period were found to be statistically significantly negatively correlated to intensity changes over the following 12-h period (Table 5 , row 3a), but intensity changes over a 12-h period were found to have no relationship to changes in slope over the following 12-h period (Table 5 , row 4a). Correlations for all six eyewall segments were also statistically significant at the 95% confidence level, ranging from 20.292 to 20.363 with a mean of 20.331, indicating that decreases (increases) in the slope of the eyewall over a 12-h period were followed in the next 12-h period by increases (decreases) in TC intensity. Physically, this can be extended to mean that structure change leads intensity change, and also that changes in the secondary circulation lead changes in the primary circulation. Stratifying the 2405 cases by latitude revealed that correlations of current slope to current intensity (Table 5 , rows 1b,c) and previous 24-h slope change to previous 24-h intensity change (Table 5 , rows 2b,c) for both latitude bands generally remained consistent with the results for all storms and for previous radar-based eyewall studies. That is, statistically significant negative correlations were present, indicating higher-(lower-) intensity storms would have a more (less) vertically oriented eyewall, and particularly so for the lower eyewall segments at higher latitudes. Given the outward radial motion of CCT (over both latitude bands) and the increase in L45 IR BTs (at lower latitudes) and decrease in CCT IR BTs (at higher latitudes) discussed in the previous section, the similarity of these correlations for both latitude bands was somewhat expected.
The lead-lag results, however, revealed differences for the lower-and higher-latitude cases, corroborating the all-storms analysis. With statistically significant correlations of 12-h slope change to subsequent 12-h intensity change (Table 5 , row 3c), and near-zero (and statistically insignificant) correlations of 12-h intensity change to subsequent 12-h slope change (Table 5 , row 4c), it was evident that at higher latitudes, changes in eyewall slope were much more apt to lead (rather than to lag) changes in TC intensity. This differed from the lower-latitude cases, in which correlations for both the lead and lag scenarios (Table 5 , rows 3b and 4b) were generally weak. In fact, for the case of slope change leading intensity change (Table 5 , rows 3b,c), higherlatitude correlations nearly doubled the values found in lower-latitude cases across every eyewall segment, meaning that changes in eyewall slope (secondary circulation) were almost twice as likely to lead changes in TC intensity (primary circulation) at higher latitudes than at lower latitudes. One physical reason for the stronger relationship and increased correlations at higher latitudes may be traced to the impact of the tropopause. Since at higher latitudes there is less space for the vertical development of deep convection and the outward radial movement of the CCT takes place at TABLE 5. Pearson product-moment correlation coefficients between current slope and current intensity (row 1), 24-h change in slope with 24-h change in intensity (row 2), 12-h change in slope followed by 12-h change in intensity (row 3), and 12-h change in intensity followed by 12-h change in slope (row 4). Boldface text denotes statistically significant correlations at the 95% confidence level.
L45-U45
L45 lower intensities, perhaps the lower tropopause height enhances the coupling between the secondary and primary circulations. Likewise, since there is greater space for vertical development of deep convection at lower latitudes and the outward radial movement of the CCT is observed at higher intensities, perhaps the higher tropopause height somewhat weakens the connection between the secondary and primary TC circulations. Low-shear cases followed the patterns described previously for current slope and current intensity (Table 5 , row 1d), 24-h slope change and 24-h intensity change (Table 5 , row 2d), and lead-lag relationships (Table 5 , rows 3d and 4d): strongest correlations were in the inner eyewall, weakest correlations were in the upper eyewall; changes in eyewall slope led changes in TC intensity; and all correlations (except the lagged correlations) for low-shear cases were statistically significant at the 95% confidence level. For the small percentage of highly sheared systems, however, the results were different, in that the most negative correlations were found in the mid-to upper eyewall segment (Table 5 , rows 1e and 2e), and changes in TC intensity led changes in TC slope in the middle and total eyewall segments (although none of the lead or lag correlations were statistically significant, due to the small sample size). While these results suggest that vertically sheared systems lose structural coherence prior to decaying in intensity, because the high-shear cases composed a relatively small percentage of the full dataset, further analysis of change in eyewall slope in highly sheared cases is recommended.
Discussion and conclusions
Cloud-top brightness temperatures have long been associated with the intensity of the surface wind field in a tropical cyclone. In this study, 2405 satellite observations spanning 14 TCs from the 2012 western North Pacific TC season were used to accomplish two objectives: 1) examine properties of four critical points in satellite-derived radial profiles of IR BT and analyze variations with intensity and 2) relate both current slope of IR BT with current intensity and changes in slope of IR BT with changes in intensity. Variation in BT of the coldest cloud top (CCT) with TC intensity was found to be relatively small, while much greater variation was noted in the IR BT of L45, the lower extent of the inner eyewall, which warmed significantly between tropical storm and the strongest typhoon intensities, particularly in lower latitudes. Radial movement of the coldest cloud top was relatively large as the TC changed intensity, and the mean CCT was located farther from the center in stronger TCs. Physically, this can be interpreted to mean that between TS and TY intensities, the TC eye develops and is cleared of cold cloud tops, and that between TY and MT intensities, the eye deepens as the eyewall increases in vertical extent. Future work is planned to use these results to improve current intensity estimation techniques that consider IR brightness temperatures in the inner core.
Traditionally, very cold cloud tops have been associated with deep convection and regions of strong upward vertical motion. In TCs they often represent the ''up'' branch of the ''in-up-out'' secondary circulation pattern. Further, colder cloud tops (stronger secondary circulation) have also been associated with more intense storms (stronger primary circulation) (Shapiro and Willoughby 1982; Willoughby et al. 1982) . It is considered noteworthy here that, perhaps in contrast to previous cases, the IR brightness temperature of the coldest cloud top varied little, while the lower extent of the TC inner eyewall IR BT increased substantially. As a result, stronger TCs did exhibit greater differences in IR BT between L45 and CCT, and these differences are related to current operational TC intensity estimation techniques. For example, the difference in IR BT between L45 and CCT is similar to aspects of the Dvorak technique, in that the greater the difference between these BTs, the more intense the storm. However, not captured in the Dvorak technique is the significance of the radially outward progression of the mean coldest cloud top, and the resulting similar relationship in the radial separation of these two critical points, namely that the greatest separation occurs during the periods of greatest intensity. This outward radial movement in CCT coupled with the increase in L45 IR BT foreshadowed the relationship between eyewall slope and TC intensity.
The primary conclusions from the slope analysis were as follows. First, the current slope of IR BT was negatively correlated to the current TC intensity in every segment of the TC inner core, meaning that stronger (weaker) TCs had more (less) negative slopes of IR BT and more (less) vertical eyewall profiles. The strongest negative correlation was found in the inner eyewall (L45-U45) region of the TC inner core. Of the two segments composing the inner eyewall (L45-FOT and FOT-U45), a stronger correlation was found in the lower eyewall (L45-FOT), which is consistent with earlier studies of eyewall slope that were based on limited high-resolution reconnaissance aircraft radar measurements (Corbosiero et al. 2005; Hazelton and Hart 2013) . Second, except in high-shear cases, changes in slope over a 24-h period were strongly negatively correlated to changes in intensity over the same 24-h period, revealing a link between slope change and intensity change. Once again, the strongest correlation was found in the inner eyewall (L45-U45) and the lowest portion of the eyewall (L45-FOT) had the stronger correlation of the two inner eyewall segments. Finally, also with the exception of high-shear cases, the relationship between change in slope and change in intensity appears to support a lead, versus a lag, relationship, whereby changes in slope lead changes in intensity, particularly for higher-latitude cases. This result lends credence to the argument that changes in the TC secondary circulation (cloud updrafts) lead changes in the primary circulation (tangential surface winds) for both strengthening and weakening TCs.
Although the results in this study were based on 2405 cases and appeared consistently across 14 TCs, it is important to note several factors. First, the JTWC TC intensities used for the study were likely based, at least in part, on results from the satellite-driven Dvorak technique. However, the operational Dvorak technique does not explicitly take into account radial gradients like those computed in this study, giving confidence to the robustness of the slope-intensity relationships found here. Second, the 14 TCs analyzed included only those that reached TY intensity. However, 588 of the 2405 satellite observations were made when the TC was at TS intensity, and critical point movement and slope calculations from those weaker storms proved important to the overall results of the study. Third, all available TC profiles were analyzed in this study, including those that may have had asymmetric brightness temperatures, those with possible land interaction, or those with concentric eyewalls. The consideration of a variety of IR BT profiles in the analysis gives additional confidence to the applicability of the results reported here.
